Research in contextEvidence before this studyRhinovirus (RV) infection is the one of most common causes of asthma exacerbations. Multiple reports demonstrate impaired anti-viral immune responses to RV infection in asthma. Mechanisms involved are poorly understood. Macrophages (Mф) are abundant cells in the airways. A current paradigm is that type 1 and type 2 cytokines polarize alveolar Mф into an M1 (classically activated) and M2 (alternatively activated)-like phenotype, respectively. M2-like Mф are believed to be important in asthma pathogenesis, and M1-like in anti-infective immunity, however human data are sparse and their roles in asthma exacerbations are unknown.Added value of this studyIn our study we show that polarization of human monocyte-derived macrophages (MDM) *in vitro* results in characteristic patterns of cytokine secretion, with robust type I and type III IFN production being characteristic of M1-like MDM, while M2-like MDM had markedly reduced IFN induction and augmented type 2 chemokine production. Moreover, we found that M1-like human MDM expressed higher levels of CD14, CD54, CD80 and CD197 compared with M2-like, thus we identify M1-like as CD14^+^CD80^+^CD197^+^ cells. We found no significant difference in expression of the widely used M2 markers CD206, CD36 and HLA-DR on the surface of human M2-like MDM *in vitro* by IL-4. *In vivo* we found decreased percentages of CD14^+^CD80^+^CD197^+^ M1-like BAL Mф in asthma patients during experimental RV infection.Implications of all the available evidenceOur present findings suggest a novel mechanism behind virus-induced asthma exacerbations because reductions in the M1-like Mф subpopulation during RV infection may be involved in impaired anti-RV immune responses in atopic asthmatics.Alt-text: Unlabelled box

1. Introduction {#sec0005}
===============

Allergic asthma is characterized by chronic airway inflammation polarized towards the type 2 cytokines interleukin (IL)−4, −5 and −13 [@bib0001]. The major morbidity in asthma relates to asthma exacerbations, the great majority caused by respiratory viral infections, 60--80% of which are human rhinoviruses (RVs) \[[@bib0002],[@bib0003]\]. RV-related lower respiratory tract symptoms were significantly more severe and longer-lasting in asthma patients than in healthy subjects \[[@bib0004],[@bib0005]\] and experimental studies confirm this \[[@bib0006],[@bib0007]\], as well as demonstrating increased upper respiratory symptoms and virus loads [@bib0007], suggesting anti-viral immunity is impaired in asthma. We and others have reported that human primary bronchial epithelial cells (HBECs) and bronchoalveolar lavage (BAL) cells (mostly macrophages \[Mф\]) from subjects with asthma exposed to RV *ex vivo* have impaired production of type I interferon (IFN)-α/β and type III IFN (IFN-λ) compared to cells from normal controls [@bib0008], [@bib0009], [@bib0010], [@bib0011], [@bib0012].

Monocytes and Mф are prominent cells in the airways and in the mucosa and they play important roles in disease pathogenesis \[[@bib0013],[@bib0014]\]. Mф exhibit unique activation patterns upon exposure to prototypical cytokines and/or toll-like receptor agonists [@bib0015], [@bib0016], [@bib0017]. Mirroring type 1/type 2 T cell polarization, Mф can be classified as classically activated (M1-like) or alternatively activated (M2-like) Mф [@bib0018]. M1/M2 polarization reflects the bidirectional macrophage--lymphocyte interaction: Th1 cells can drive M1-like polarization via IFN-γ and Th2 cells direct M2-like polarization via IL-4 and IL-13 [@bib0018]. Experts recommend [@bib0019] that the terms M1 and M2 Mф should be avoided as Mф activation and polarization is more complex than this simple classification. Therefore, we will use nomenclature specifying the methods of *in vitro* differentiation used for monocyte-derived Mф (MDM): MDM/TNF/IFNg for M1-like, MDM/IL4 for M2-like and MDM for unpolarized cells, and we will specify the surface markers used for *in vivo* characterization. Identification of M1- and M2-like Mф relies on a combination of membrane receptors, cytokines, chemokines and effector mediators \[[@bib0016],[@bib0020]\], based mostly on *in vitro* or animal studies. The roles of the different phenotypes of Mф *in vivo* in man is poorly understood as human studies are sparse, and in asthma controversial, as frequencies of Mф expressing the M2-like marker CD206 are reported increased in stable asthma in one study [@bib0021], but not in another [@bib0022]. The role of M1 and M2-like Mф in virus-induced asthma exacerbations is completely unknown.

We therefore studied cytokine secretion properties and surface marker characteristics of *in vitro* MDM/TNF/IFNg and MDM/IL4 polarized human MDMs to investigate their properties in the absence of infection. As we have reported that human MDMs produce type I IFNs in response to RV infection, though the phenotype of these MDMs was not studied [@bib0023], we also investigated cytokine and IFN secretion properties and surface marker characteristics following *in vitro* RV infection of MDM/TNF/IFNg and MDM/IL4, as well as their anti-rhinoviral activities. To investigate the role of M1- and M2-like Mф in stable asthma, and in virus-induced asthma exacerbations, we then evaluated bronchoalveolar lavage (BAL) Mф and peripheral blood monocyte subpopulations before and during experimental RV-induced asthma exacerbations.

2. Materials and methods {#sec0006}
========================

2.1. Viral stocks {#sec0007}
-----------------

RV16 and RV1B serotypes were grown in Ohio HeLa cells and prepared as previously described [@bib0024]. Viral stocks were used at 6.3 × 10^6^ TCID~50~/mL and 1.5 × 10^7^ for RV16 and RV1B, respectively. Viruses were titrated on Ohio HeLa cells to determine TCID~50~/mL.

2.2. Isolation of human monocytes, *in vitro* differentiation into MDM and infection with RV {#sec0008}
--------------------------------------------------------------------------------------------

PBMCs were isolated from the Component Donation Leucocyte cones of healthy donors [@bib0025] by Ficoll-Hypaque density gradient centrifugation. The cells were washed, resuspended in Macrophage Serum Free media (MSFM, Invitrogen) and seeded into either 6-wells plates (NUNC) at 3 × 10^6^ cells/well or Primaria™ Tissue Culture Dishes (Falcon®) at 30 × 10^6^ cells/dish. Non-adherent cells were removed after 2 h of incubation at 37 °C in a humidified atmosphere containing 5% CO~2~. An equal volume of fresh MSFM containing 10 ng/mL of human granulocyte-macrophage colony stimulating factor (GM-CSF, Invitrogen) and penicillin/streptomycin mixture (Invitrogen) were then added to the cells. The cells were differentiated for 7 days. Media was replaced on day 3 and day 6. The mature MDM were then stimulated overnight with either 2 ng/mL of tumour necrosis factor (TNF) plus 20 ng/mL of IFN-γ (both from R&D Systems) or with 20 ng/mL of IL-4 (Invitrogen) to obtain MDM/TNF/IFNg and MDM/IL4 cells. Un-polarized control MDM were maintained in culture overnight in MSFM alone. Polarized or un-polarized MDM were then treated with live or UV-inactivated RV16 or RV1B MOI of 0.1, 0.5, 1, 2 for 1 h at room temperature. Cells were washed and any non-adherent virus was removed and re-suspended in the fresh media. Cell supernatants and RNA lysates were harvested at times indicated and stored at −80 °C (the 0 h time point means the time immediately after the 1 h incubation with RV, washing of non-adherent virus and adding fresh media).

2.3. Experimental RV-induced asthma exacerbation study - subjects and clinical assessments {#sec0009}
------------------------------------------------------------------------------------------

The samples used for these analyses came from a previously reported study focusing on type-2 responses during rhinovirus induced asthma exacerbations. As part of this study, RV16 experimental infections were successfully induced in RV16 neutralizing antibody seronegative subjects with moderate (*n* = 17) and mild (*n* = 11) atopic asthma and 11 non-atopic age-matched healthy control subjects as previously described [@bib0007]. Ethics approval 09/H0712/59 was obtained from the local research ethics committee and informed consent was obtained from all subjects. Successful experimental RV16 infection was confirmed by detection of RV16 viral RNA in BAL fluid or nasal lavage and/or seroconversion as previously reported [@bib0007]. Asthma was categorized as mild or moderate according to Global Initiative for Asthma (GINA) criteria [@bib0026].

Daily lower respiratory symptom scores were calculated from diary card records of symptom scores (cough on waking; wheeze on waking; daytime cough; daytime wheeze; daytime chest tightness; daytime shortness of breath; nocturnal cough, wheeze or shortness of breath), graded 0--3 (absent, mild, moderate, severe) as previously reported [@bib0007]. Total lower respiratory scores were calculated by summing the daily scores for the 2-week post-infection period as previously reported [@bib0007].

The same diary cards recorded home spirometry (Piko-1; nSpire Health, CO) on waking each morning and the maximum (%) fall from baseline for PEF and FEV~1~ for each subject during the 2 week post-infection period was calculated as previously reported [@bib0007].

Of these successfully infected subjects, BAL cells were obtained for the present studies at baseline from 7 subjects with mild and 10 subjects with moderate asthma and from 7 healthy control subjects and at day 4 after infection with RV16 from 7, 11 and 7 subjects respectively. Additionally, PBMCs were obtained at baseline from 8, 13 and 7 subjects, and at day 4 after infection from 8, 13 and 10 subjects, respectively. These BAL cells and PBMCs were analysed by flow cytometry as described below.

2.4. Flow cytometry analysis {#sec0010}
----------------------------

PBMC and BAL cells from clinical samples and *in vitro* polarized MDM were used for flow cytometry analysis. Adherent, *in vitro* polarized MDM were detached by incubation for 20 min with 1:1 mixture of 10 mM EDTA in PBS and RPMI 1640 media (PAA) at 37 °C. Cells were incubated with "The LIVE⁄DEAD® Fixable Dead Cell Stain Kit" (Invitrogen) to exclude dead cells from the analysis. Nonspecific binding of antibodies (Abs) was eliminated by pre-incubating the cells in medium containing 10% normal human serum for 15 min at 4 °C. Cells were stained in a final volume of 100 µl FACS buffer (PBS, 2% FCS, 10 mM EDTA), for 30 min at 4 °C. We used the following Abs for our surface staining: anti-CD14-Pacific-Blue™ (BD Biosciences Cat\# 558121, RRID:AB_397041); anti-HLA-DR-Qdot®605 (Thermo Fisher Scientific Cat\# Q10052, RRID:AB_10374200); anti-CD206-APC/Cy7 (BioLegend Cat\# 321120, RRID:AB_2144930); anti-CD197-PE-Cy™7 (BD Biosciences Cat\# 557648, RRID:AB_396765); anti-CD36-FITC (BD Biosciences Cat\# 561820, RRID:AB_10896285); anti-CD80-PE (BD Biosciences Cat\# 557227, RRID:AB_396606); anti-CD54-APC (BD Biosciences Cat\# 559771, RRID:AB_398667). After incubation with Abs cells were washed and fixed with 2% paraformaldehyde. Flow cytometry was performed using a BD LSR II instrument (BD Biosciences). Unstained cells and single fluorochrome stained BD™CompBeads Compensation Particles (BD Biosciences) were used to set-up the machine. Compensation was set in BD FACS Diva Software (BD Biosciences). Fifty thousand MDM and BAL cells and thirty thousand PBMC were acquired compensated. The results were analysed with FlowJo software version 7.6.5 (Tree Star). Results are reported as the percentage of positive cells or as mean fluorescence intensity (MFI), the latter being used to describe the level of expression on a population of positive cells. The fluorescence-minus-one (FMO) controls were used for gating of positive cells. BAL Mф and MDC were identified as CD206^+^ cells (Fig.S1) [@bib0027].

2.5. RNA extraction, reverse transcription and Taqman® real-time PCR {#sec0011}
--------------------------------------------------------------------

RNA was extracted from cells using the RNeasy method (RNeasy Mini Kit; Qiagen) following the manufacturer\'s instructions, including DNaseI digestion (Dnase (Rnase free Dnase); Qiagen). cDNA was synthesized using Omniscript RT and components as directed by the manufacturer (Qiagen). Sequences, concentrations of primers and probes for the detection of human IFN-α.1 (detecting IFN-α subtypes 1, 6 and 13), -α.2 \[[@bib0002],[@bib0004],[@bib0005],[@bib0008],[@bib0010],[@bib0014],[@bib0017] and [@bib0021]\], *IFNB, IL28A/B, IL29, 18S* and conditions of RT-qPCR reaction were used as previously described [@bib0028]. Relative quantification of RT-qPCR was used to detect changes in expression of the interferon genes relative to a reference gene, the housekeeping human *18S* gene. Quantitative PCR results for mRNA expression are presented as ΔCt values, calculated by the formula: ratio (reference/target)=2^Ct(reference)-Ct(target)^. The number of copies for viral RNA quantification was calculated using a standard curve generated by amplification of plasmid DNA.

2.6. Enzyme-linked immunosorbent assay to evaluate IFN-α, IFN-β, IFN-λ, CCL22/MDC, CCL17/TARC, CCL18/PARC and IL-10 levels in culture supernatants {#sec0012}
--------------------------------------------------------------------------------------------------------------------------------------------------

IFN-α, IFN-β, IFN-λ1/3, CCL22/MDC, CCL17/TARC, CCL18/PARC and IL-10 proteins were quantified by enzyme-linked immunosorbent assay (ELISA) in supernatants collected and stored at −80 °C using commercially available paired antibodies and standards, following the manufacturer\'s instructions using the IFN-α human VeriKine™ ELISA kit (PBL Assay Science Inc.) detecting all human IFN-α subtypes except IFN-αF encoded by gene *IFNA21*, human IFN-β ELISA kit (FUJIREBIO INC.), human IL-10 ELISA Ready-Set-Go! (eBioscience), human CCL22/MDC, human IL-29/IL-28B (IFN-λ1/3), human CCL17/TARC and human CCL18/PARC DuoSets ELISA kits (R&D Systems). The detection limits for described assays are 156 pg/mL for IFN-α; 2.5 IU/mL for IFN-β; 2 pg/mL for IL-10; 7.8 pg/mL for CCL22/MDC, CCL18/PARC and CCL17/TARC; 62.5 pg/mL for IFN-λ1/3.

2.7. Statistical analysis {#sec0013}
-------------------------

The Shapiro-Wilk test for normality was performed. Data were presented as means + s.e.m for parametric analyses and as medians + interquartile range for nonparametric analyses, as indicated in the figure legends. Statistical analyses were performed using Prism 8 (GraphPad Software). For normally distributed data we performed ordinary one-way ANOVA or one-way repeated measures ANOVA with (if the ANOVA was significant) Tukey\'s post hoc tests for multiple comparisons to determine differences between groups, or if not normally distributed the Kruskal--Wallis test followed by post-hoc testing (if the Kruskal--Wallis was significant) using un-paired Mann-Whitney U tests was performed, as mentioned in the respective figure legends. The Spearman correlation test was used for [Fig. 8](#fig0008){ref-type="fig"}. Data were accepted as significantly different when *P*\<0.05.

For *in vitro* studies, we compared differences between infected and uninfected MDM, MDM/TNF/IFNg and MDM/IL4 within the group (infected *versus* uninfected) and between the groups (infected/uninfected MDM/TNF/IFNg *versus* infected/uninfected MDM or MDM/IL4) at the indicated time points. For clinical study we compared differences between healthy subjects and asthma group as whole or with mild and moderate asthma subgroups at the indicated time points or within the group (at baseline *versus* day 4 post infection).

3. Results {#sec0014}
==========

3.1. MDM/TNF/IFNg but not MDM/IL4 or MDM are potent producers of rhinovirus-induced type I and III IFNs and are more resistant to RV infection {#sec0015}
----------------------------------------------------------------------------------------------------------------------------------------------

In order to evaluate antiviral capacity of different Mф phenotypes we measured type I and III IFN induction in response to RV infection. Gene expression of IFN-α, IFN-β, IFN-λ1 and IFN-λ2/3 were significantly induced in MDM/TNF/IFNg infected with RV16 compared to MDM/TNF/IFNg treated with media, and compared to both MDM/IL4 and MDM treated with RV16 at 8 h (all *P\<*0.0001, [Fig. 1](#fig0001){ref-type="fig"}a and c-e). Gene induction peaked at 8 h for all IFN genes and all had returned to baseline levels by 48 h, while some remained weakly induced at 24 h (Fig. S2a-e). In addition, we assessed the effects of UV-inactivated RV16 to determine whether type I and III IFN induction was replication dependent. We found no significant induction of any type I IFN or type III IFN mRNA in any cells treated with UV-inactivated virus (*P*=not significant, Fig. S3 a-e).Fig. 1IFN-α, -β, -λ gene expression and protein release in MDM/TNF/IFNg, MDM/IL4 and MDM. MDM/TNF/IFNg, MDM/IL4 and MDM were treated with infectious RV16 or media alone and cells and supernatants were harvested at 8 h and 24 h or 72 h as indicated. Cell mRNA expression of IFN-α subtypes detected by primers pairs IFN-α.1 and IFN-α.2, panels (a) and (b) and mRNA expression of *IFNB* (c), *IFN λ2/3* (d) and *IFN λ1* (e) were measured by RT-PCR. Release of IFN-α (f), -β (g), -λ 1/3 (h), in supernatants was measured by ELISA. Data from three independent experiments with different donors; symbols show the mean of duplicate wells for each individual donor. Differences between multiple groups were analysed using one-way analysis of variance (ANOVA) with Tukey\'s post hoc test (horizontal bars and error bars are means + *s*.e.m. of the three donors). P-values from Tukey tests, where significant are shown on the graphs. NS = ANOVA not significant.Fig 1

The induction of IFN mRNA expression in MDM/TNF/IFNg was accompanied by significant induction of type I and III IFN (at 24 h and 72 h, respectively) protein release into supernatants of RV16 infected MDM/TNF/IFNg compared to MDM/TNF/IFNg treated with media, and compared to both MDM/IL4 and MDM Mф treated with RV16 (all *P*\<0.0001, [Fig. 1](#fig0001){ref-type="fig"}f-h). Significantly increased type I IFN protein induction was also seen in RV-infected MDM/TNF/IFNg compared to media and RV-infected MDM/IL4 and MDM at earlier and later time points (Fig. S2f, g), induction of IFN-λ protein was shown to be virus dose dependent (Fig. S3f). Also similar to RV16, a minor group RV1B significantly induced IFN-λ protein production in the infected MDM/TNF/IFNg compared to MDM/TNF/IFNg treated with media, and compared to both MDM/IL4 and MDM treated with RV1B (*P*\<0.001, *P*\<0.0001, Fig. S4) at 8, 24 and 48 h, confirming that IFN induction in MDM/TNF/IFNg is RV-receptor-independent.

3.2. MDM/TNF/IFNg control RV replication better than MDM/IL4 {#sec0016}
------------------------------------------------------------

To determine how different phenotypes of Mф support virus replication, supernatants of RV16 and RV1B infected MDM/TNF/IFNg, MDM/IL4 and MDM were titrated on Ohio HeLa cells to determine their 50% tissue culture infective dose TCID~50~/mL. We found that MDM/IL4 were characterised by limited RV16 virus replication peaking at 24 h (*P\<0.05*, [Fig. 2](#fig0002){ref-type="fig"}a and S5a), while an increase in virus load was not observed in MDM/TNF/IFNg, where levels of live virus simply decayed (Fig. S5a), with greater levels of virus load observed in MDM/IL4 as compared to MDM/TNF/IFNg at 24 h (*P\<*0.05, [Fig. 2](#fig0002){ref-type="fig"}a). The same result was observed for RV1B (*P*\<0.05, [Fig. 2](#fig0002){ref-type="fig"}b and Fig. S5b).Fig. 2RV16 and 1B replication in MDM/TNF/IFNg, MDM/IL4 and MDM.MDM/TNF/IFNg, MDM/IL4 and MDM were infected with RV16 (a) and RV1B (b). The supernatants were harvested at 24 h. The amount of infectious virus released into the supernatants was assessed by virus titration. Data from three independent experiments with different donors; symbols show the mean of duplicate wells for each individual donor. Differences between multiple groups were analysed using one-way analysis of variance (ANOVA) with Tukey\'s post hoc test (horizontal bars and error bars are means + *s*.e.m. of the three donors). P-values from Tukey tests, where significant are shown on the graphs.Fig 2

We next investigated intracellular levels of RV16 RNA using qPCR (Fig.S5c, d). High levels of viral RNA were detected in all subsets of Mф at 0 h and these levels had decreased by 1 log by 24 h but then remained constant at around 4--5 logs at 48 and 72 h. In contrast to our findings with respect to virus release, the levels of viral RNA were significantly increased in MDM/TNF/IFNg at 0, 4, 8, 24, 48 and 72 h compared to MDM/IL4 and/or MDM (*P*\<0.05, Fig.S5c). However, we found increased level of intracellular RV1B RNA in MDM/IL4 and MDM at 0 h, compared to MDM/TNF/IFNg (*P\<*0.05*, P*\<0.001, Fig.S5d). This finding suggests that this is due to ICAM1 upregulation in MDM/TNF/IFNg.

3.3. MDM/IL4 produce higher levels of type 2 chemokines than MDM/TNF/IFNg {#sec0017}
-------------------------------------------------------------------------

IL-10 is often tied to M2 macrophages [@bib0029]. However, in our experiments we did not find significant differences between MDM subtypes in production of IL-10 in either virus-infected or media control conditions ([Fig. 3](#fig0003){ref-type="fig"}a and S6a, b).Fig. 3IL-10, MDC/CCL22 and TARC/CCL17 protein release from MDM/TNF/IFNg, MDM/IL4 and MDM with or without RV16 infection. MDM/TNF/IFNg, MDM/IL4 and MDM were infected with RV16 or treated with media alone and supernatants were harvested at the indicated time points. Release of IL-10 (a), MDC (b) and TARC (c) in supernatants was measured by ELISA. Data from three independent experiments with different donors; symbols show the mean of duplicate wells for each individual donor. Differences between multiple groups were analysed using one-way analysis of variance (ANOVA) with Tukey\'s post hoc test (horizontal bars and error bars are means + s.e.m. of the three donors). P-values from Tukey tests, where significant are shown on the graphs. NS = ANOVA not significant.Fig 3

The type 2 chemokines CCL22/MDC and CCL17/TARC were produced constitutively by MDM/IL4 (Fig. S6c-f). At 24 and 72 h/24 and 48 h (for CCL22/MDC and CCL17/TARC, respectively) time points the levels of both chemokines were significantly higher in non-infected MDM/IL4 compared with non-infected MDM and MDM/TNF/IFNg (*P*\<0.05, *P*\<0.001, *P*\<0.0001, [Fig. 3](#fig0003){ref-type="fig"}b, c, Fig. S6c, e). While in RV16-infected MDM/IL4 production of CCL22/MDC and CCL17/TARC was significantly induced at 8, 24, 48, 72 h/24, 48, 72 h, respectively if compared with infected MDM and MDM/TNF/IFNg (*P*\<0.05, *P*\<0.001, [Fig. 3](#fig0003){ref-type="fig"}b, c, Fig. S6d, f). We found no difference in CCL18/PARC production between different MDM groups in any condition (Fig. S6g, h).

3.4. Surface molecule expression of *in vitro* differentiated human MDM for the identification of subtype-specific markers {#sec0018}
--------------------------------------------------------------------------------------------------------------------------

M1-like Mф are prototypically induced by IFN-γ, TNF or bacterial components like lipopolysaccharide (LPS), while M2-like Mф are induced by IL-4 or IL-13 [@bib0016]. First, we analyzed each of M1- and M2-associated marker separately and express data as MFI for all of them except CD197 (as% of positive cells). In our experiments, CD14 was significantly higher in MDM and MDM/TNF/IFNg, compared to MDM/IL4 (*P*\<0.001, *P*\<0.0001, [Fig. 4](#fig0004){ref-type="fig"}a), while polarization of Mф towards M1-like (MDM/TNF/IFNg) in the absence of RV infection induced significant up-regulation of CD80, CD54 and CD197, compared to both MDM and MDM/IL4 polarized Mф ([Fig. 4](#fig0004){ref-type="fig"}b-d).Fig. 4Expression of cell surface molecules on *in vitro* differentiated MDM/TNF/IFNg, MDM/IL4 and MDM. Uninfected or RV16 infected MDM/TNF/IFNg, MDM/IL4 and MDM were detached from the plates and expression of CD14 (a), CD80 (b), CD54 (c), CD197 (d), percentage of CD14^+^CD80^+^CD197^+^ cells (e), CD206 (f), CD36 (g) and HLA-DR (h) were analysed by flow cytometry. Results are presented as mean fluorescence intensity (MFI) for CD14, CD80, CD54, CD36, HLA-DR, CD206, and as percentage of positive cells for CD197 and CD14^+^CD80^+^CD197^+^. Data are from five or six independent experiments with different donors; symbols show the means of duplicate wells for each individual donor. Differences between multiple groups were analysed using one-way analysis of variance (ANOVA) with Tukey\'s post hoc test (horizontal bars and error bars are means + s.e.m. of the five or six donors). P-values from Tukey tests, where significant are shown on the graphs. NS = ANOVA not significant.Fig 4

The overall patterns of expression of M1 associated surface markers (CD14, CD54, CD80 and CD197) were not greatly altered in infected cells compared to uninfected cells ([Fig. 4](#fig0004){ref-type="fig"}a-d).

According to this data we identify M1-like MDM/TNF/IFNg as CD14^+^CD80^+^CD197^+^ cells and analyzed different subsets of Mф in this manner. We found that infected and uninfected MDM/TNF/IFNg were characterized by high percentage (10.93±2.179 \[media\] and 14.29±2.616% \[RV16\]) of CD14^+^CD80^+^CD197^+^ cells compared to both uninfected MDM and MDM/IL4 (3.82±0.881, 5.298±1.018%, respectively) and infected MDM or MDM/IL4 (4.270±1.082, 4.858±1.081%, respectively) (*P* = 0.041 to *P*\<0.0001, see Figure for exact *P* values, [Fig. 4](#fig0004){ref-type="fig"}e).

We next assessed levels of expression of surface molecules reported in other studies to be markers of M2-like Mфs (CD36 [@bib0030], CD206 \[[@bib0021],[@bib0031]\] and HLA-DR [@bib0032]) in the different subsets of MDMs to determine whether we could identify surface markers specific for M2-like Mфs in human cells. However, there were no differences in the expression of CD36, CD206 and HLA-DR between MDM, MDM/TNF/IFNg and MDM/IL4 in either uninfected or infected MDMs ([Fig. 4](#fig0004){ref-type="fig"}f-h).

3.5. Asthma triggered by RV infection is more severe in asthma patients than in healthy subjects {#sec0019}
------------------------------------------------------------------------------------------------

The baseline demographic and clinical characteristics of the healthy volunteers and those for the subjects with asthma, both as a single group of 28 subjects, and separated according to asthma severity into mild and moderate asthma groups have been reported previously \[[@bib0007],[@bib0033]\], and are presented again in [Table 1](#tbl0001){ref-type="table"} for clarity.Table 1Baseline demographic and clinical characteristics of study volunteers according to asthma severityM1/M2-associated markers on BAL Mф and PBMCs of normal and asthma subjects before and during experimental RV infection.Table 1CharacteristicHealthy (*N* = 11)Mild Asthma (*N* = 11)Moderate Asthma (*N* = 17)P valueAcross all groupsBetween groupsAge (yr)31±1233±1137±100.317--Sex: number (%)0.434--Female4 (36)7 (64)8 (47)Male7 (64)4 (36)9 (53)Baseline FEV~1~\<0.001H v\'s mild: 0.04Percent of predicted value104±893±1182±10H v\'s mod: \<0.001mild v\'s mod: 0.008Baseline histamine PC~20~ (mg/mL)\>161.24±1.981.26±2.10NA0.966 (mild *vs* moderate)Baseline asthma control (ACQ)--0.69±0.441.38±0.540.002Use of inhaled corticosteroids (% of subjects)--015 (88)\<0.001Daily dose of ICSBeclomethasone/equivalent (mcg)----427±71----IgE IU/mL\<0.001H v\'s mild: \<0.001Median16207132H v\'s mod, \<0.001Interquartile range14--19102--73966--368mild v\'s mod: 0.46BAL eosinophilia (%)0.006H v\'s mild: 0.005Median00.70.3H v\'s mod: 0.02Interquartile range00--1.70--1.7mild v\'s mod: 0.71[^1][^2]

The clinical outcomes during infection for the healthy volunteers and for the asthma subjects as a single group of 28 subjects have been reported previously [@bib0006], but are reported in [Fig. 5](#fig0005){ref-type="fig"} for asthma subjects separated according to asthma severity into mild and moderate asthma groups. Compared to healthy subjects, daily lower respiratory symptom scores were significantly greater on days 3--6 for the subjects with mild asthma and on days 3--13 for the subjects with moderate asthma and daily lower respiratory symptom scores were significantly greater for the subjects with moderate asthma compared to the subjects with mild asthma on days 8, 10, 11 and 13 ([Fig. 5](#fig0005){ref-type="fig"}a).Fig. 5Clinical outcomes of normal control subjects and subjects with mild/moderate asthma during experimental RV16 infection. Daily lower respiratory symptom scores in healthy and asthma subjects defined by baseline asthma severity \**P\<0.05*;\*\**P\<0.01*;\*\*\**P\<0.001* asthma *vs* healthy subjects; +*P\<0.05* moderate asthma *vs* mild asthma. (b) Maximal fall in morning FEV~1~ from baseline during the 14 day period following rhinovirus inoculation in subjects with asthma defined by baseline asthma severity +*P\<0.05*; ++*P\<0.01*; +++*P\<0.001*. (c) Total lower respiratory symptom scores (sum of daily scores over the 14 day post-infection period) in healthy subjects and subjects with asthma defined by baseline asthma severity ++*P\<0.01*; +++*P\<0.001*.Fig 5

Rhinovirus-induced falls in lung function were also more severe according to asthma severity as the greatest fall from baseline in morning peak expiratory flow (PEF) in the group with moderate asthma occurred on day 5 and this was significantly greater than the fall in subjects with mild asthma on that day (17.4 ± 3.1% *vs* 7.2 ± 3.5%, *P* = 0.045). The maximal fall in forced expiratory volume in one second (FEV~1~) during the 14 day post-infection period for the group with moderate asthma (20.8 ± 2.04%) was also greater compared to both mild asthma (14.3 ± 1.3%, *P* = 0.032) and healthy control subjects; (6.2 ± 1.2%, *P*\<0.001, [Fig. 5](#fig0005){ref-type="fig"}b).

Total lower respiratory symptoms scores (sum of daily scores over the 14 day post-infection period) were significantly greater in subjects with moderate asthma (45.2 ± 6.2) than in both healthy subjects (1.45±3.5, *P*\<0.001) and subjects with mild asthma (20.3 ± 4.9, *P* = 0.004) and also significantly greater in subjects with mild asthma *vs* healthy subjects (*P* = 0.005, [Fig. 5](#fig0005){ref-type="fig"}c).

These data highlight significantly worse clinical outcomes following RV16 infection in subjects with mild asthma, compared to healthy control subjects, as previously reported [@bib0005], and for the first time demonstrate that subjects with moderate asthma have a much more prolonged and severe exacerbation than the subjects with mild asthma.

We performed screening of freshly isolated BAL cells and PBMCs, using flow cytometry and measured the individual expression of M1- (CD14, CD80, CD197) and M2- (CD36, CD206, HLA-DR) associated surface markers at baseline before infection, and on day 4 following *in vivo* infection (d4pi) with RV16 in healthy and asthmatic subjects. We did not find any significant differences in expression of these M1-associated markers on BAL Mф between asthma patients and healthy subjects at either baseline or day 4 post infection ([Fig. 6](#fig0006){ref-type="fig"}a,c,e). However, we found a significant decline of CD80 expression on the surface of BAL Mф on day 4 post infection compared to baseline in the moderate asthma group (*P* = 0.0127, [Fig. 6](#fig0006){ref-type="fig"}c).Fig. 6Expression of CD14, CD80 and CD 197 on the surface of BAL macrophages during experimental rhinovirus infection. Expression of CD14 (a), CD80 (c) (mean fluorescence intensity) and CD197 (e) (percentage positive) were evaluated by flow cytometry in BAL macrophages at baseline (healthy *N* = 7, asthma *N* = 17, 7 mild and 10 moderate) and on day 4 post experimental RV16 infection (healthy *N* = 7, asthma *N* = 18, 7 mild and 11 moderate). Change in expression of CD80 (b), CD14 (d) and CD197 (f) (day 4 post infection minus baseline) on the surface of BAL macrophages during experimental RV16 infection was measured by flow cytometry (*N* = 7 for healthy, *N* = 12 for asthma, 4 mild and 8 moderate). Differences between multiple groups were estimated using a Kruskal--Wallis test followed by post-hoc testing (if the Kruskal--Wallis was significant) using un-paired Mann-Whitney U tests. Data show medians + interquartile range. P-values from Mann-Whitney U tests, where significant are shown on the graphs. NS = Kruskal--Wallis not significant.Fig 6

In addition, we found a significantly lower expression of CD14 on PBMCs of asthma patients compared to normal subjects and between normal subjects and moderate asthma group at day 4 post infection (*P* = 0.0132*, P* = 0.0214, respectively [Fig. 7](#fig0007){ref-type="fig"}a). Moreover, CD80 expression on PBMCs was significantly lower in all asthma patients and the mild asthma groups compared to normal subjects at day 4 post infection *(P* = 0.0458, 0.0435*,* respectively [Fig. 7](#fig0007){ref-type="fig"}c).Fig. 7Expression of CD14, CD80 and CD 197 on the surface of human peripheral blood monocytes during experimental rhinovirus infection. Expression of CD14 (a), CD80 (c) (mean fluorescence intensity) and CD197 (percentage positive) (e) were evaluated by flow cytometry in human PBMC at baseline (healthy *N* = 7, asthma *N* = 21, 8 mild and 13 moderate) and day 4 post experimental RV16 infection (healthy *N* = 10, asthma *N* = 21, 8 mild and 13 moderate). Change in expression of CD14 (b), CD80 (d) and CD197 (f) (day 4 post infection minus baseline) on the surface of human PBMC during experimental RV16 infection was measured by flow cytometry (healthy *N* = 7, asthma *N* = 21, 8 mild and 13 moderate). Differences between multiple groups were estimated using a Kruskal--Wallis test followed by post-hoc testing (if the Kruskal--Wallis was significant) using un-paired Mann-Whitney U tests. Data show medians + interquartile range. P-values from Mann-Whitney U tests, where significant are shown on the graphs. NS = Kruskal--Wallis not significant.Fig 7

We then investigated changes in M1- and M2-associated marker expression between baseline and day 4 post infection in those subjects who had paired successful bronchoalveolar lavages with sufficient cell numbers to perform these analyses at both baseline and day 4 (*N* = 7 healthy, *N* = 12 asthma: 4 mild, 8 moderate). We found no significant changes in expression of either CD14 or CD197, but did find significantly greater down-regulation of CD80 expression on BAL Mф during experimental RV infection in all asthma patients and in moderate asthma patients, compared to normal subjects (*P* = 0.0098 and *P* = 0.0059*,* respectively*,* [Fig. 6](#fig0006){ref-type="fig"}d). Additionally, we found significant correlations between the change in CD80 expression from baseline to infection and important markers of clinical illness severity, the maximum reduction in lung function (both PEF and FEV~1~) from baseline to infection ([Fig. 8](#fig0008){ref-type="fig"}a,b) (*r* = 0.49, *P* = 0.035 and *r* = 0.55, *P* = 0.017, respectively) and a similar trend for a relationship between degree of change in CD80 expression and lower respiratory symptom severity (total chest score, *r*=−0.45, *P* = 0.058) ([Fig. 8](#fig0008){ref-type="fig"}c).Fig. 8Relationship of CD80 expression in BAL with clinical illness severity. Correlations between changes in CD80 MFI (mean fluorescence intensity) during experimental rhinovirus infection and maximum fall in morning PEF (% change from baseline) (a), maximum fall in morning FEV~1~ (% change from baseline) (b) and total 14 day lower respiratory symptom score (c). Data were analysed by Spearman correlation test. (*N* = 7 for healthy, *N* = 12 for asthma, 4 mild and 8 moderate).Fig 8

Next, we analysed BAL Mф to evaluate the CD14^+^CD80^+^CD197^+^ M1-like population (Fig. S1). As a result, we found a tendency to increased frequencies of M1-like Mф in healthy subjects on day 4 post infection compared to baseline (4.531±1.413, 2.236±0.036%, respectively; *P* = 0.0655*,* [Fig. 9](#fig0009){ref-type="fig"}a) and a significant decrease of this cell type in the all asthma group on day 4 post infection compared to baseline (3.561±1.589 and 7.396±2.327% respectively, *P* = 0.0242) and in the moderate asthma group on day 4 post infection compared to baseline (1.867±0.7313 and 5.528±1.099% respectively, *P* = 0.0157) ([Fig. 9](#fig0009){ref-type="fig"}a). Furthermore, we assessed changes between baseline and day 4 post experimental infection and found a tendency to decreased frequencies of the CD14^+^CD80^+^CD197^+^ cells in all asthma group −3.977±4.464% (*P* = 0.0556) and significant decrease of this cell type in the moderate asthma group −3.612±1.788% (*P* = 0.0205) compared to healthy controls 2.729±1.832% ([Fig. 9](#fig0009){ref-type="fig"}b).Fig. 9Percentage of CD14^+^CD80^+^CD197^+^ positive BAL macrophages during experimental rhinovirus infection. Percentage of CD14^+^CD80^+^CD197^+^ positive cells (a) was evaluated by flow cytometry in BAL macrophages at baseline (healthy *N* = 7, asthma *N* = 17, 7 mild and 10 moderate) and on day 4 post experimental RV16 infection (healthy *N* = 7, asthma *N* = 18, 7 mild and 11 moderate). Change in percentage of CD14^+^CD80^+^CD197^+^ positive cells (b) (day 4 post infection minus baseline) in BAL macrophages during experimental RV16 infection was measured by flow cytometry (*N* = 7 for healthy, *N* = 12 for asthma, 4 mild and 8 moderate). Differences between multiple groups were estimated using a Kruskal--Wallis test followed by post-hoc testing (if the Kruskal--Wallis was significant) using un-paired Mann-Whitney U tests. Data show medians + interquartile range. P-values from Mann-Whitney U tests, where significant are shown on the graphs.Fig 9

We found no significant difference in the expression of M2-associated surface markers (CD36, CD206, HLA-DR) on either the BAL Mф or PBMCs between different groups of patients at either baseline or day 4 post infection (Fig. S7 and S8).

4. Discussion {#sec0020}
=============

Macrophages are key cells in the immune response to infectious agents. Following interaction with various bacterial and viral pathogens, they become activated and secrete a wide range of antiviral, pro-inflammatory and/or immunomodulatory cytokines [@bib0034]. We have reported that limited replication of RV occurs in MDM, resulting in induction of both IFN-α and IFN-β [@bib0023]. We have also reported RV-induction of IFNs-α, -β and -λ occurs in BAL cells (which are mostly macrophages) *ex vivo* \[[@bib0008],[@bib0012]\]. It was therefore tempting to speculate that airway Mф are an important source of RV-induced type I and type III IFNs *in vivo*. Relatively few studies have investigated interactions between different phenotypes of Mф and viral infections \[[@bib0035],[@bib0036]\] and none have investigated the role of different Mф phenotypes during virus-induced asthma exacerbations.

The biology of macrophages is a subject of extensive research, but findings in man are mostly extrapolated from cells derived from peripheral blood monocytes (MDMs). MDMs can be derived from PBMCs in a variety of ways. Although GM-CSF polarizes macrophages towards a pro-inflammatory M1-like phenotype (but not to the fully activated state) [@bib0037] we used GM-SCF to generate MDMs in our *in vitro* experiments. It has been shown that freshly isolated BAL Mф exhibit increased expression of genes associated with pro- inflammatory responses [@bib0038]. Moreover, the study of Akagawa et al., demonstrated that the phenotype of MDM generated with GM-CSF but not with M-CSF closely resembles that of human BAL Mф [@bib0039]. In addition, Shibata et al., showed that GM-CSF stimulates terminal differentiation of AMs through PU.1 [@bib0040]. The ontogeny of AMф is a subject of controversy. Our understanding of resident macrophage sources is largely based on mouse models and these mouse models support the hypothesis that tissue resident Mф are mainly embryonic in origin \[[@bib0041],[@bib0042]\]. However, it has been shown recently in elegant studies using transplanted lungs that the majority of human BAL Mфs are derived from circulating monocytes [@bib0043]. Thus, in order to obtain cells with characteristics closer to human BAL Mфs we used MDM differentiated with GM-SCF *in vitro*. Differentiated MDM then were treated with IL-4 or TNF/IFN-γ to generate M1-like or M2-like MDM. Unpolarized GM-SCF treated MDM were used as control.

In this study, we demonstrated that unpolarized MDM and MDM/IL4 (M2-like) have increased susceptibility to RV replication compared to MDM/TNF/IFNg (M1-like). This is likely due to the dramatically decreased ability of these subsets of Mф to produce type I and III IFN in response to viral infection. In contrast, MDM/TNF/IFNg were characterized by replication- and dose-dependant and receptor-independent robust up-regulation of type I and III IFN gene expression and protein release. According to previous studies Mф polarization to M1-like cells was associated with a dramatic change in the transcriptome, in particular, M1 polarization induced the activation of interferon regulatory factors (IRF)−1, IRF-7 [@bib0044] and IRF-5 [@bib0045]. Activation of interferon stimulated genes could explain the capacity for more effective virus clearance by M1-like cells via type I and III IFN production. In study by Rajput at al. [@bib0046] gene expression profiles of unpolarized RV-infected Мф showed significant overrepresentation of genes involved in IFN-α/β signalling and M1-like polarization increased the RV response of *IFIH1*, which regulates MDA5 expression and augments the immune response to RV via IFN production.

We previously reported that RV-induction of IFN-λ in BAL cells is deficient in asthma and deficiency was related to clinical illness severity and virus load upon subsequent RV infection *in vivo* [@bib0008]. We have more recently also reported delayed and deficient IFN-α and IFN-β production in response to RV infection by BAL cells from asthma subjects [@bib0012]. Thus, deficiency in both type I and III IFN induction by RVs can be observed in BAL Mф from asthma subjects. Since we now report similar profound deficiency in RV-induction of each of IFN-α, -β and -λ in MDM and MDM/IL4, with very robust induction of each IFN in MDM/TNF/IFNg in the present studies, it seems likely that IFN deficiency in asthma may be at least in part a consequence of insufficient numbers of M1-like Mф being present in patients with allergic asthma.

Expression of some chemokines (CCL17/TARC, CCL18/PARC and CCL22/MDC) [@bib0031] is reported to be a marker of M2-like polarization. We found that MDM/IL4 constitutively produced greater levels of the type 2 chemokines CCL17/TARC and CCL22/MDC than both MDM and MDM/TNF/IFNg. CCL17/TARC was produced by both uninfected and RV-infected MDM/IL4, but was not secreted by either MDM or MDM/TNF/IFNg. Substantially higher levels of CCL22/MDC were detected in all MDM subsets, and significantly greater levels of CCL22/MDC were observed in both uninfected and RV-infected MDM/IL4 compared to MDM/TNF/IFNg and MDM. CCL17/TARC and CCL22/MDC are key chemokines in the migration of CCR4 expressing Th-2 cells to sites of allergic inflammation \[[@bib0047],[@bib0048]\]. Increased expression of IL-4 and IL-13 can lead to enhanced stimulation of M2 responses [@bib0016] and since levels of both cytokines are increased in stable asthma and further augmented by RV-infection [@bib0007], it is likely that these type 2 chemokines are important in both stable and exacerbated asthma. Increased plasma, serum and induced sputum levels of CCL17/TARC are reported in stable asthma [@bib0049], [@bib0050], [@bib0051] and sputum Mфs from asthma patients expressed significantly more CCL17/TARC mRNA than Mфs from healthy subjects, however no other M2 biomarkers were differentially expressed in asthma patients, and *ex vivo* BAL cells produced similar amounts of CCL17/TARC and CCL22/MDC [@bib0022]. These data provide evidence of a possible M2-like subtype domination in stable asthma patients and our *in vitro* data are consistent with this as both chemokines were increased in M2-like MDM/IL4 constitutively, with neither being induced by RV-infection. We also measured CCL17/TARC and CCL22/MDC in the nasal and bronchial mucosal lining fluid samples from the present experimental RV-16 infection study, and found nasal levels of CCL17/TARC and CCL22/MDC were both induced during infection in both subject groups, but to a greater degree in asthma than in healthy controls [@bib0052]. These data suggest that both constitutive M2-like polarization and increased CCL17/TARC and CCL22/MDC production during infection, possibly from another cell type, such as BECs, may be important in virus-induced asthma exacerbation pathogenesis and further work in this context is warranted.

CCL18/PARC has been reported to be a marker of M2-like polarization [@bib0031]. However, production of CCL18/PARC was similar in both uninfected and RV-infected MDM, MDM/TNF/IFNg and MDM/IL4. These data suggest that CCL18/PARC is not a marker of M2-like MDM polarized to an M2 phenotype with IL-4. The same tendency was observed for IL-10. Despite IL-10 being a possible indicator for M2-like Mф [@bib0017] we did not detect statistically significant IL-10 induction in MDM/IL4, possibly because we used GM-CSF to generate these MDM. The same effect was observed in the study of Akagawa et al. [@bib0039]. However, it is also possible that significant induction of IL-10 may have been observed if we had studied greater numbers of subjects.

Thus our first set of data demonstrate that polarization of human MDM *in vitro* results in characteristic patterns of cytokine secretion, with very robust type I and type III IFN production being characteristic of M1-like MDM/TNF/IFNg, while M2-like MDM/IL4 had markedly reduced IFN induction and augmented type 2 chemokine production.

In order to investigate polarization of M1 and M2- like Mф in RV-induced exacerbations of asthma *in vivo*, we wished to identify surface markers specific for each Mф phenotype to enable their assessment by flow cytometry in subjects during experimental RV infection. A controversial aspect of Mф biology concerns perceived differences between rodent and human Mф. We therefore next investigated the expression of cell surface molecules on *in vitro* differentiated human MDM in order to identify reliable markers for characterization of polarized human Mф *in vivo*. We chose several widely reported M1 (CD14, CD80, CD54 and CD197) and M2 markers (CD36, CD206 and HLA-DR) \[[@bib0016],[@bib0053]\] and quantified their expression in polarized MDM/TNF/IFNg and MDM/IL4 by flow cytometry before and after infection with RV16. We found that MDM/TNF/IFNg had higher levels of expression of CD14, CD54, CD80 and CD197 compared with MDM/IL4 and RV infection of MDM/TNF/IFNg did not significantly change their surface levels. Expression of CD54, CD80 and CD197 were similar in both infected and uninfected MDM compared with MDM/IL4, thus these markers were specific for M1-like MDM/TNF/IFNg, however CD14 expression was up-regulated in both infected and uninfected MDM compared with M2-like MDM/IL4 and therefore CD14 was not specific for MDM/TNF/IFNg.

CD14 acts as a co-receptor for LPS [@bib0054], CD80 (B7.1) provides a co-stimulatory signal for T-cell activation [@bib0055], CD197 (CCR7) controls migration of immune cells [@bib0056] and CD54 (ICAM-1) interacts with the β~2~ integrins CD11a/CD18 (LFA-1) and CD11b/CD18 (Mac-1) and regulates leucocyte migration to sites of inflammation [@bib0057]. Collectively, these data support the hypothesis that MDM/IL4 and MDM are deficient in recognition of and responses to pathogens compared to MDM/TNF/IFNg.

We found no significant difference in expression of the widely used M2 markers CD206, CD36 and HLA-DR on the surface of human MDM differentiated with GM-CSF and polarized by IL-4 *in vitro*. These findings suggest that CD206, CD36 and HLA-DR are not specific markers for human MDM/IL4. Moreover, we used CD206 to gate our BAL Mф as suggested by Yu, et al. [@bib0027].

Our next important goal was to use our results from the *in vitro* experiments to analyses the levels of expression of M1- and M2-associated markers on the surface of PBMCs and BAL Mф of asthma patients and healthy control subjects at baseline and during an experimental infection with RV16. As the only surface markers that were specific for Mф polarization were CD54, CD80 and CD197 (specific for M1-like Mф) and CD14 (reduced in M2-like compared to MDM and M1-like Mф) we focused our attention on these markers. As numbers of BAL and PBMCs samples with sufficient cell numbers available for investigation of expression of CD54 were too small, we have not included analysis of CD54 in the study results.

First, we analyzed BAL and PBMC samples for individual expression of listed markers. No significant differences were observed in CD14 expression in BAL Mф between asthma and control subjects in our study, in accordance with previous reports \[[@bib0058],[@bib0059]\].However, CD14 expression in PBMCs of asthma subjects as a whole, and of moderate asthma as a subgroup was downregulated during viral infection compared to healthy controls. Moreover, CD80 expression in PBMCs of whole asthma group and mild asthma subgroup was down-regulated during viral infection. In addition, we found reduced expression of CD80 in BAL Mф of moderate asthma group on day 4 post infection compare to baseline.

Then we compared the change in CD80 expression in BAL cells between baseline and day 4 during infection we found that CD80 in the asthma group as a whole, and in the moderate asthma group alone, was significantly down-regulated during viral infection compared to normal subjects. Moreover, greater reductions from baseline in BAL cell CD80 expression during infection were significantly related to the severity of reductions in lung function (both PEF and FEV~1~) during infection, with a trend for greater reductions in CD80 being related to greater lower respiratory symptom severity.

Then we analyzed BAL cells to identify CD14^+^CD80^+^CD197^+^ positive cells as an M1-like population. We found reductions in numbers of CD14^+^CD80^+^CD197^+^ M1-like Мф in asthma patients during virus induced exacerbation compared to baseline. This data suggest that Mф polarization is a dynamic process dependent on lung microenvironment and rhinovirus-induced asthma exacerbations in allergic patients is characterized by an amplified Th2 immune response. This in accordance with study of Upton et al. where BAL cells from non-asthmatic controls and in M1-like MDM, but not BAL cells from mild asthmatics or M2-like MDM infected *in vitro* with RV were characterized by increased production of fractalkine [@bib0060] indirectly indicating decreased amounts of M1-like Mф in allergic asthma patients.

This interpretation is strongly supported by the robust type I and type III IFN production by MDM/TNF/IFNg but not MDM/IL4 observed in our *in vitro* studies and suggests that imbalance away from M1-like and towards M2-like Mф phenotypes is likely implicated in virus-induced asthma exacerbation pathogenesis. Further support for this interpretation is provided by a study that showed the same results for CD80 expression on monocytes and NK cells in children during virus-induced asthma exacerbations [@bib0061].

Several studies have shown higher levels of M2-like Мф in BAL from people with atopic asthma \[[@bib0021],[@bib0062],[@bib0063]\]. Although the enhanced presence of M2-like Mф in asthma intuitively makes sense given the type 2 cytokine enriched lung environment, growing evidence supports the parallel development and involvement of both subsets of macrophages in lung disease. For instance, Draijer et al. showed more IRF5+ M1-like-polarized macrophages as well as more CD206+ M2-like Mф in asthma patients compared to healthy controls [@bib0064]. Furthermore, according to Byrne et al. *in vivo* mouse pulmonary Mфs express both M2 markers and IRF5 and are capable of developing mixed phenotypes during pulmonary inflammatory disease [@bib0065]. Normal human lungs are also characterized by presence of different Mф subsets (M0-74%, M1-26%, M2-7%) with percentages of both M1 and M2 marker-positive Mфs increasing significantly with smoking and COPD severity [@bib0066]. This study also reported dual positivity for M1 and M2 markers in the same human AMф. None of the above mentioned studies evaluated changes in Mф populations during RV infection which itself can amplify both Th1 and Th2 responses in asthma [@bib0067]. In our study we did not find increased frequencies of M2-like Mф populations in asthma, either at baseline, or during infection. We used the M2-like markers CD36, CD206 and HLA-DR based on published observations \[[@bib0016],[@bib0053]\]. It is possible that differences may have been observed if we had studied other markers of M2-like activity as discussed by Murray et [@bib0019].

Thus, despite our negative findings in respect of the M2 markers we studied, impaired interferon production by RV-infected human BAL cells from asthma patients was confirmed by several studies \[[@bib0008],[@bib0012],[@bib0068]\], supporting the hypothesis that M2-like BAL Mф are likely predominant in asthma during RV infection. To the best of our knowledge, this is the first report on Mф populations during experimental RV infection in healthy control subjects and people with asthma. Our findings suggest that the deficiency of antiviral IFNs observed in asthma and strongly implicated in asthma exacerbation pathogenesis, may be at least in part a consequence of insufficient numbers of M1-like Mфs being present during virus-induced exacerbation in patients with allergic asthma. Our results have translational significance because the management of patients with virus-induced asthma exacerbation remains a challenge. Further studies investigating new immunotherapeutic strategies that promote M1-like macrophage polarization, for instance, through TLR4 activation [@bib0069], prophylactic type I or type III IFN administration [@bib0070], or use of mebendazole may identify novel therapeutic strategies for this unmet medical need [@bib0071].

Taken together, our work indicates that M1-like MDM/TNF/IFNg are potent producers of type I and III IFNs and suggests reductions in the CD14^+^CD80^+^CD197^+^ M1-like BAL Mф subpopulation during infection may be involved in asthma exacerbation pathogenesis. The mechanisms of deficient M1 responses in virus-induced asthma in allergic patients now require additional clinical study with increased number of subjects and careful exploration.
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[^1]: Definitions of abbreviations: FEV~1~ = forced expiratory volume in 1 s; *H* = healthy; mod = moderate; PC~20~ = provocative concentration causing a 20% fall in FEV~1~; NA = not applicable; ACQ = asthma control questionnaire; ICS = inhaled corticosteroid; IgE = immunoglobulin E; BAL = bronchoalveolar lavage.

[^2]: The baseline characteristics for the healthy control subjects, and those for the subjects with asthma, both as a single group of 28 subjects and according to asthma severity, were reported previously(7, 33). They are reproduced here for clarity. Data shown are mean ± standard deviation unless otherwise stated.
